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SUMMARY

The objective of the research effort reported herein was the
development of computers and computing techniques that aid people in

some areas not traditionally subject to the application of computers.

The computer graphics effort (Section A) has developed computing

techniques and original computer components to accomplish the
realistic dieplay of mathematically described three-dimensional
objects. This effort has produced not only reports, photographs and
motion picture films, but it has also engendered a "spin off" company
producing similar devices and techniques. Although the primary
emphasis was in the display of solid objects (eg., computer generated
television images), some effort was devoted to the more traditional
line-drawing graphics as an interactive aid to the programming and
operation of large computer processes --- ranging from 3-0 display

problems toc a study in the fluid dynamics of blood.

The waveform processing efiort (Section B), which has groun and
is continuing under a subsequent contract, has used a digital computer
not only for direct results in the form of processed images and audio
waveforms, nut also for the simulation of neu techniques (eg.,
vocoding) which show promise of relatively inexpensive implementation

in special purpose harduare.

The symbolic computation effort (Section C) has produced and is
continuing to improve, maintain and distribute a nrogramming |anguage

and subsystem, REOUCE, which is of aid in ths extremely complicated
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algebraic manipulations oncountered, among other places, in
theoretical physics. This subsystem was designed to be minimally
machine dependent anc has been transferred to a nhumber of different

machines, primarily via the ARPA Netuwork.
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SECTION A
COMPUTER GRAPHICS

A.1 Computer Graphics Techniques

Graphics research began at Utah under David C. Evans with the
radical notion that one could produce pictures of dynamic

three-dimensional computer modeled objects that uwere:

1. Shaded realistically like photographs rather than mere |ine

drauings.
2. Opaque {i.e. with obscured parts removed).
3. In perspective and color.
4. In real-time motion (i.e. at 38 frames per second).

At the Beginning, these objectives were very far from possible.
There were only two krown programs for removing hidden |ines (Roberts’
and Weis'), each of which produced line drawings but consumed 5 to 28
minutes of computing time for each frame produced. The Utah research
has realized all of these early notions as well as some others.

Furthermore, the achievements of major practical importance have been

realized together.

A.1.1 Graphics Algorithms and Shading

The major graphics results have been:
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A.1l. Computer Graphics Techniques

1. The Aigorithm of Romney et al., --- This research demonstratsd
that the Iincremental computing techniques proposed originally
were aound. It dealt only with triangles, but it revealed the
basic techniquez wuhich have since become better understood.
Romney’s tresis describes at great length a mechanism for
assembling three-dimensional objects out of basic shapes using a
semi-interactive environment. Romney’s efforts also include a

first try at utilizing the notion of "scan-line-coherence" which

Watkins later showed to be a key to simple hidden line

processing.

2. The Uarnock Algoritam --- This research introduced an entirely

e g ey TR T N RS ST R T e T R T L e T e e S

novel approach to the hidden surface problem, that of using

iz

non-determinictic algorithms. Instead of progressing through the
nicture in a systematic way, Warnock's program progressed from
area to area of the picture in a way determined by the picture

content. Thus, Warnock’s program could quickly develop large

areas of the picture that were comparatively simple but would
spend considerably more time working out details of the
complicated areas of the picture. This was a fascinating
computing technique which, at the time, seemed to be highly
promising. However, statistics compiied at the Evars  and
Sutherland Computer Corporation shoued typice | picture complexity
Was eufficiently great to warrant near abandonment of Warnock's
approach. An example of the MWarnock algorithm output is

presented in Figure Al.
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3. The Watkins Algorithm --- MWatkins’ algorithm returned to the
§ systematic scan-line by scan-line approach used earlier by
5' Romney, et al, but made full use of "scan |ine coherence" (the
; fact that relatively little change occurs between any one scan
line and the next). MWatkins also made good use of the clipping
techniques developed by Sutherland. These techniques, developed
' earlier at Harvard, quickly perform the depth comparisons
required for deciding which of two surfaces obscures the other.

Watkins developed extensive statistics showing that his

4 algorithm, if implemented in harduware, could be expected to
, produce remarkably complicated pictures in real time. The novel
components of such harduware have now been assembled and are in

regular use at the University of Utah,

4.  The Smooth Shading of Gouraud --- Although the surface dimension
of objecte may be modeled accurately using plane polygonal
modeling elements, computer generated images of these models had
flat faces or facets uhich marred the representation of curved
objects. This problem was caused by the shading discontinuities
at mode!ing element edges. Human visiun is particularly
sensitive to such discontinuities. Gouraud developed and
improved shading techniques still employing the simple |inear
ehading interpolation of Watkins, which greatly reduced this
visual problem, Image quality was thus improved without

increasing the complexity of computation. Examples of Gouraud

shadiny are presented in Figures Al through A3.
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S. The Improved Shadlng and Highllighting of Bui-Tuong Phong ---
Through the use of a greatly improved physical model of the
scattering and refiection cf incident light at a surface,
Bui-Tuong Phong deveioped algorithms which further reduced the
shading discontinuities of curved surface models and also
provided realistic highlights, the shape of which is not
dependent on the details of the local mode! structure. He also
devsioped a hardware design for realizirg the improved shading at
a reasonable cost in rsal tims, Pictures made by this technique
are the most realistic produced to date. Examples of Phong

t shading appear in Figures Al, A3 and A4.

6. Real Time Multlple Position Input by Burton --- Techniques for the
input of a single position in space have been in existence for
some time, some of which have been implemented at the University
of Utah. The requirement for measuring the positions of many
points, without cumbersome assemblies of levers and wires, led to
the development of the "Burton Box". This device is able to
measure the positions of 68 light-emitting diodes (LED's) 38
times per second. Uses of the Burton Box include: interactive
Wwork With the Head-Mounted Display, the LED’s being attached to
gloves worn by the user; motion studies where the LED's are
attached to the object in motion, e.g., @ human being walking:
and ohject recognition research uhereby an electromechanically
deflected laser is used to scan an object, the position of the

moving spot of light on the objsct being measured by the Burton
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Box.

7. The Visual Communication System of Wessler --- Techniques to
assist in the production of shaded picture animated movies are
the subject of continuing development. This has involved the
acquisition of an optical bench with high vrecision display and
computer controlled animation camera. Wessler has developed a
softuare system which greatly facilitates the specification and
motion of dynamic scencs. This system removes much of the
drudgery aesociated with animation and allows the user to

concentrate on the content and presentation of his production.

8. The New Clipping-Divider of Blanchard --- The real-time |ine
drauwing system has been almost completely rebuilt using modern
logic and techniques. Difficulties in acquiring a
clipping-divider led to the decision to build one in-house. This
device, which uses a new algorithm developed by Bianchard and

Neweil, is expected to be operational early in 1974.

Folliowing the initial successes with algorithms for synthesizing
pictures, the continuing research stimulated other research and Has in

turn influenced by the work of others.

One fundamental infiuence beginning in 1968 was the work of
Thomas G. Stockham, Jr. whose modeis of visual perception provided

insignts which were important to understanding the essential gqualities

of picturee. These were acted upon by Warnock, Gouraud, and Bui-Tuong
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A.1, Computer Graphice Techniques

Phong to make fundeémental improvements in the modelinc of curved
surfaces, spectral refiaction, and ccolor. Further, Stockham's
understanding of the pholographic medium and his development and
operation of a precision image display system uas essential to the

development of graphics technology.

Other important influencing efforts uwere the work of Ivan
Sutherland in the development of equipment to produce dynamic
perspective |line drauwings, and the work by William Newman on command
languages for interactive graphics and the notions of hou to program

for interactive design,

An Interesting ingredient of the Utah research has been the
gathering together in Utah of researchers, system builders, and
graphics users from other places. In addition to those already
mentioned, Ronald D. Resch came from lllinois and has been able to
achieve interesting results in computer aided designs through the use
of Utah systems. The group has also been jcined by Martin Neuell of
the Computer Aided Design Center in Cambridge, England and by Richard

Riesenfeld, who is a leader in the mathematics of surfaces.

The Evans & Sutherland Computer Corporation has groun up with the
Utah research community and has attracted distinguished system
bullders from industry, One of the functio~rs it serves is the
manufacturing of equipment uhlich incorporates the ideas of the Utah
research group. Through the efforts of ES, many app'ications of the

neuly developed technology have been made. There have already been a

number of government and private applications of the research.
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Simulation for pilot training is an immediate result of work done
at Utah unifer ARPA sponsorship and the concurrent work sponsored by
NASA at General Electric. The Alr Foéce. Navy, and commercial
airlines have radically reviewed their pilot training plans to
increase the fraction of their training performed in simulators. The
Air Force "ASUPT" program and the Navy "2F98" program include major
state-of-the-art computer generated image systems. Research systems
are installed at the Ames Research Center of NASA, the Air Force
Flight Dynamics Laboratory, and the Naval Trairing Equipment Center.
Many commercial airlines have computer generated image systems
installed or on order for pilot training. The Maritime Administration
has also contracted for a large simulator which includes a computer
image generator. At the time the Utak and GE research was initiated
there were no plans for any such systems. Such systems reduce the

cost of training and increase the quality.

There are many interesting applications for dynamic simulation
techniques in mechanical design. Dr. Henry Christiansen, a
researcher on the Utah contract, is un expert in the finite element
analysis of mechanical structures. During the past year he has used
the neu graphics technology to make motion pictures of the computed
dynamic behavior of sonar transducers, under contract with the Naval
Undersea War fare Laboratory. There are many similar applications
including aircraft and automotive design which have been stimulated by

the research.

The Utah work has also influenced other activities including the
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A.l1. Computer Graphics Techniques

eoiution of iarge scaie radiation diffusion problems at the Los A!amos
Scientific Laboratory, the design of artificial hearts, research in
neurophysiology, research in biochemistry and underground mining.
Furthermore, the book by Newuman and Sproull, "Principles of
Interactive Computer Graphice", published by McGraw-Hill in 1973, was

based on a graphics course deveioped by Sutherland and was influenced

by ideas developed and used at Utah.
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A.1.2 Smooth Edge Contours

This portion of the report is concerned with work done over the
past 18-month period. The algorithm for displaying curved surfaces on
a raster scan device has been developed as described in the following
material, The outstanding feature, which differentiates this work
from that of other researchers, is the production of smooth edge

contours with cubic functions.

In this technique, the surface to be displayed is approximated by

an arbitrary number of bi-variate cubic patches adjoined so that the
mathematical description of the two patches is continuous in the first
derivative. [n other wordu, tha surface is smooth in these locations.
A mathematical technique has been deve!oped for mapping the edge of a
patch from rectangular three-dimensional real space into perspective
three-dimersional screen space. In real space, the patch edge is
described as a threc-dimensional parameiric cubic. ln screen space,
this edge |es described as a difference squation in which x and z are
determined functions of y. This iatter requirement is necessitated by

the fact that the display is on & raster scan device.

In previously developed algorithms for displaying surfaces, the
probiem of the silhouette edge has been troublcsome. Since in these
algorithms the surface is assumed to be made up of planar patches, the
contour edge of a surface appears to be a series of connected straight
iine segments. A techniqiue has been developed to provide smooth
silhouette edges. The technique consists of identifying points where

the patch edge disappears from view. A new patch edge is created,
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A.1.2 Smooth Edge Contours

connecting two such disappearing points. This results in a neu edge
at the contour which is described by a three-dimensional cubic in
rectangular epace. This in turn, can bas approximated by a number of
short straight-line segments. The number of straight-line segments

can be as large as required to give the desired smoothness.

A tast clipper for curved esdges has been devised that takes
advantage of Bezier control points. The advantage gained by this
technique results from the fact that only rarely does one need to find

the roots of a cubic.

These tuchniques have been incorporated into a program that
implements the algorithm to the point that perspective
three-dimensional |ine drawings of objacts, with  smooth edge
eilhouettes and correct clipping, can be obtained. The accompanying
sample illustrations demonstrate the success of the algorithm. Figure
AS shous a sphere comprised of 6 patches, a sectiof of a right
tircular cylinder, a torus and a section of a human leg, to include

the region from above to below the knee.

These techniques can be applied tu current hidden surface
algorithms to produce silhouette edges that are smooth. One should be
alert to the pos=sibility of frame-to-frame discontinuities when mak ing
motion pictures. It can be shoun that attempts to smooth only contour
edges wWill result in frame-to-frame discontinuities on the silhouette
edges of an object as it changes position. These discontinuities
Could cause undesirable jitter in the edges of the pictured object.

This research introduces the idea of the contour patch as contrasted
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Wwith the contour edge to correctly solve the problem.

A more detaiied descrintion of the above deveiopments will be

issued at a iater date.
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A.2. Computer Graphics Applications

A.2.1 Graphics In Structure Oesign

We have concentrated on the following applications to computer

graphic techniques relative to three dimensional structures:

a. Computer Aided Design Techniques for 3D Structures —-- Ue
developed and are using a unique computer control led 3D moce!
building canability t» study folded plate structures and
variable geometry for finite element truss definitkonr,

b. Computer Aided Araiysis of Structures --- We developed
improved techniques for visual presentation cof stress analysis
data.

c. MWe made further developments in the theory of Generic Design
and numerlic controlled manufacturing processes. The specific
structures investigated are case studies of generic mode!s,

d. MWe deveioped a generalized program for defining a special
class of 30 structures which can be created from folded edyes
and developable surfaces.

Design of Folded Plate Structures. -- Every finite element
approx.imation to a surface which is not developable, will require that
the elements are continuously varying in their size and shape. We

have been developing techniques which allow an approximation to any

surface by a smal! number of identical modules.

These computer aided design techniques achieve a series of
versatile structural systems which are capable of producing an
inflnite variety of enclosure shapes. These systems make possible the

modular production of extremely elegant architectura! shel | forms.,

Initial work in computer simulated structural analysis is

complete on these systems. We are able to show, by computer simulated

J‘A"M
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color photographs, the stress distribution throughout the structure.

The value of this work is that a generic structural system has been

created for use in the design, analysis and fabricatic~ of unique and

specific forms, such as domes, warped surfaces, or sculptural

free-forms from a single, unified Jesign, analysis, and production

syetem. We have developed these versatile geometric systems by

producing drawings, diagrams, and three dimensional modrls using

Computer assisted design techniquee.

Under computer simulation one can continuously change the plate

geometry (Figure AB), make a selection of a specific arrangement ot

platee and then continuously fold them for study and selection of some

desired form of single curvature (Figure A7), The plates may also be

folded to achieve an approximation to a doubly curved, or warped

surface (Figure A8).
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Folded Plate Structures/Analysis. -- HWs developed, With
Or. Henry Christianssn, a kinematic analysis program to analyze the
dgnaﬁic behavior of foldsd plate systems. UWIth the Klnematic analysis
in hand, :he prablem of structural analysis of folded plate geometries
was considered. These folded plate systems, unlike almost every

other, are not prismatic in their analysis.

A major problem in doing the structural analysis was in seeing
the resulting data. Most foldsd plate systems are prismatic and their
strains may be viewsd as a two dimsnsional graph. The structural
analyslt of Resch's foldsd plate systems would give genuine 3D

behavior which could not bs repressnted in this fashion.

Therefore, there was developed an analysis display system wuwhich
would wutilize the Utah picture making capability. Here color and
shading should not follow the usual rules of optics and physics, but
would represent some analytice! property of the structure. Si:ch
pictures could give the user an i mediate qualitative understanding of

the structural behavior from a complex structural analysis.

Octet Truss Program (Curved, Plate Truss Structure). -
Structures which require large, clear spans, such as airport hangers,
are usually accommodated by the standard octet space truss. The
current method of design and construction of these, however, is
limited to a flat truss. There is an obvious need for clear span
trusses wuhich have some curvature. To achieve flexibility in the
design and construction of such structures, we have developed a system

to overcome thls flat truss limitation. We have completed the

PR R W R NNy r—~
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computer program OCTET TRUSS. It allous the specification of any

surface of revolution, |t. Wwill construct the truss on top of that
surface the depth of which may also be specified, and it will output a
control tape for the creation of all the plates of the given
structure.

Figure AS is a photograph of actual models, showing the standard

truss at the bottom, with tuwo trusses of increasing curvature above.

Figure AlB is a photograph of an interior view of a mode! of the

Curved, Plate Truss used as a dome.
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The Developable Surface Program. -- The aerospace industry has
brought a growing need for strong, |lightueight structures which
require complex and precise geometric definltion. The usual solution
has been by costly numeric controlled milling of solid blocks to
achieve these required structures. Our work has attempted to develop
alternative inexpensive fabrication techniques to achieve computer

defined space iorms.

It ie well understood that to fold a metal plate along a straight
lire strengthens it, and that bending it to some radius of curvature
Wwlll increase its structural stability. We has observed that one can
combine these two structural properties by introducing a curved,
folded edge to a plate. From this basic structural observation we
have created the DEVELOPABLE SURFACE PROGRAM to allow completely
general design freedom. It was not at all apparent at the outset,
however, that one could generalize a folded edge to any space curve.
A thorough mathematical analysis revealed that such a generalization

was possible.

The progrzm requires:
1. An analytically defined space curve.

2. A funciion which describes the dihedral angle of fold at each

point along the curve.

3. Functions which describe the width of each developable

surface on either side of the curve.
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Any of these three may be described explicitly as a function in
Polish notation, or the eyetem provides the capability for the user to
define a emal!| number of data pointe through which it will pass a

epline curve, uhich can then be ueed for any of the above required

Inpute.

The execution of the program will provide a uwide variety of
outpute, Iincluding orthogonal, (Figure All, plan), (Figure Al12,
elevation), perspective, (Figure A13) and stereoscopic (Figure Al4)
vieus of the space curve as a folded edge which defines developable
eurfaces. If the designer chooses to fabricate a model from the
defined curve, the system computes the tuwo dimensional score |ine
(Figure Al1B) which must be traced out by a N.C. tool. The system
Will also calculate the intersection of a three dimensional model with

a plane or other developable surface (Figure AlE).

Of the many constructional problems that may be solved by
developable surface construction, some applications may recuire
reinforcing of the eurface. UWhile eimply using a thicker metal plate
might solve the problem, uWwe have developed a |lightueight solution
which is the analog to the corrigated reinforced panel. Here the
initial developable surface is transformed into an inner an< outer
developable surface, having constant separation., Corrigated
developable eurfaces may be placed betueen these in such a way that

the corrigaticne contact the inner and outer surfaces along curves

which are normal to thelr generator |ines.
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Using this concept, one can see that highuays of

complex bridge

interchanges may he constructed. The roadway is a developable surface

In epace aiid the brldging under that surface may be considered a

corrigatien whose folded edges are space curves.

T W1 o e
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Figure All
Polygon and Spline Curve XY View

Figure Al2
Polygon and Spline Curve XZ View
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Figure Al3

Developable Surface Perspective View

Figure Al4

Developable Surfice Stereoscopic View




Figure AlS5

Developable Surface, Flat Plan

Figure Al6

Developable Surfacc Intersection with Base
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From this research we have developed generic and construction
techniques which have the following potential applications:
Dirigible
Concrete formuwork
Lightweight gas tanks for airplane wings
Liners for liquid natural gas tankers
Geodesic torus for space stations
Lightuweight guideways for rapid transit monorails
Lightweight complex h.idge interchanges
Solar energy reflectors
A controltled, curved surface, or pathway, can be achieved by
declaring the space curve to be a folded edge defining two developable
surfaces. This program makes the ordinarily difficult task of
physical construction of a precise, complex space curve relatively
simple and direct, using rlat sheet materials and requiring |imited
joining. The following examples uf computer simulated video pictures
are typical forms created with the DEVELOPABLE SURFACE PROGRAM:
Cylindrical helix from the side (Figure Al7)
Culindrical helix from the bottom (Figure Al8)
Possible architectural application (Figure Al19)
Culindrical helix
Possible architectural application (Figure A28)
Multiple cylindrical helix
An example of 3D spline curve in the construction of an
arch tectural form with 128 degrees symmetry A comparison of Figures
A21 and Al3 demonstrates that without such shaded pictures the study,
development 2nd subsequent communication of unusual and complex
architectural shapes would not be possible. It has been noted that
one possible reason for the flat and rectangular structures which make

up current architecture is a result of the fact that we have not had

the tools to study and communicate anything not already known. In

other words, "if an architect can’t draw it, you can’t build it.'




Figure Al7




Figure AlS
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Ruied Surface Program (An Approximation to Warped Surfaces). -
This program constructe a triangular network in a zig-zag manner
betueen the aitarnate.points on tWo space curves. The curves are
definabie in the same ways as the curve in the developable surface
program. The triangular network may be flattened out to form a flat
netuork. N.C. tapes and pictures of this are available, as uwell s
piots and display pictures of the three dimensional objects. Several

netuworks may aiso be found and dispiayed at the same time.

Hyperbolic paraboinids have been extensiveiy used in architecture
because they are both elegant and etructurally efficient., They
suffer, however, from demanding difficult and expensive formuwork. The
RULED SURFACE PROGRAM ailous us to directly build any hyperbolic
paraboioid by triangular approximation. Figure A23 is an actual 3D
model, not a simulated photograph, of a structure constructed from the

output of the program.




Figure A23
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Modi fied Interpolating Splines. -- We have investigated
interpolating splines of the form
S(t) = ? XiCi(t)
where the Ci are piecewise cubic polynomials in t and have found
conditions on such splines that allow us to specify that a particular

Knot be a maximum or minimum of the curve and to adjust the tightness

of the curve.

In designing curved lines with splines, interpolating splines
have a great conceptual advantage over those that do not interpolate,
in that they are guaranteed to pass through their knot points. A
designer trying to approximate a curve by a broken line will naturally
select some points from the curve as the Knots of the broken line, and
Will therefore want to require that the spline curve of that broken

line pass through the knots.

Some well known disadvantages of interpolating splines are that
they tend tu form loops around Knots where none are desired, and to
erdtically overshoot knots. These characteristics make interpolating
splines much more tuwisted than their knot polygons, and is the ma jor

justification for using non-interpolating splines.

The following work is an attempt to alleviate thesze problems
Without moving or adding knots. Two basic adjustments are covered.
The first is adjustment of the nearness of the spline c.rve to the
Knot pnlygon. This is visually interpretable as the tightness or

looseness of the spline. The second is control over the s ope of the

spline curve at the knots; in particular, being le to make the slope
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horizontal or vertical. Tnis is useful because, when choosing knots

to describe a curve, it is common to select points that are as far up

or doun, or left or right, as the curve is to go.

Figure A24 shous:

ALPHA « 1/2

ALPHA = /2 Tangents forced to arrowus

ALPHA = 1 (looser fit) Tangents forced
ALPHA

1/4 (tighter fit) Tangents forced
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INEN

ALPHA = 1/2 ALPHA = 1/2
Tangents forced to arrows

EINEN

ALPHA = 1 (looser fit) ALPHA = 1/4 (tighter fit)
Tangents forced Tangents forced

Figure A24
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Animation. -- Qur animation program has been developed along the
lines of a classic storyboard concept. Each drawing in the storyboard
becomes a key frame to our animation program. Each key frame is
defined as to its frame number, eye position, "look at" point, (the
point the observer is looking at), |light source position, and the
objects that are included In the data structure. Only the things
which have changed at each key frame need he stated. The next program
takes this Key frame information as input coupled with linear or B
spline interpolation and uwill generate all the intermediate frames for

the animated film, wirich is then recorded on movie film.

The halftone picture display program interprets this command list
to produce -haded pirtures. Objects to be displayeu must be described
in terms of polygone and their vertices, and may be either hand
calculated or are available as an output of the DEVELOPABLE SURFACE
PROGRAM (for displaying developable surfaces). The halftone program
also produces |ine drawings uwhen used on the timesharing system.

Figure A25 is an example of a Key Frame from an animated film wusing

the DEVELOPABLE SURFACE PROGRAM.
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Interactive Line Drawing Editing System. -- Input to the system
can be any line drauwing generated by the program itself or produced by
any other program. The program makes possible the creation of any
curve defined by mathematical formula and can also create a spline

curve through data points which are either read in or defined on-1Iine.

The need for a line drauing editor is that the output of an
existing program might be a small part of a desired drawing, or it may
contain errors which are easily seen and corrected with the editing
program, but would require major revisions to the generating program.
The editor allous reference to points or curves by explicit name or by
pointing wWith the display cursor. The allowable transformations to
the referenced objects are: copying, scaling, translating, rotating,
reflecting and selective erase. This program can also control the
order in which a drawing is executed, a critical feature in a numeric
controlled tool. An example of this use of the program may be seen by

taking Figure Al6 as input, and twice copying and rotating it by 120

degrees to produce Figure A26.

J e T A ———



4

Figure A26

This is an example of the use of the Interactive
Line Drawing Editing System
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A.2.2 Graphice in the Study of Hemodynamics

An attempt was made to enlarge the usage of computer capabilities
in medicine beyond their usually seen tasks. Specifically, the
attempt is to understand hemodynamic phenomena with the aid of neuwly
developed computer graphics implements. Applying fluid dynamics
principles to bloud flow about obstacles, simulation was carried out
by the computer and its attached Iine drawing display systems.
Continuoue changes in the blood flow field were pictured and useful
eemi-quantitative information wunavailable by other methods was
obtained. The first year sau preliminary results for application to
artificial heart valve and atherosclerosis studies. Comparison of
computer reeuits with other investigators' in vitro and in vivo
studies were fruitful. The technique applied in the first year was

for the two-dimensional, steady flou, rigid wall situations.

The second year sau an improved approach in an attempt to extend
the previoue approach to a three-dimensional capacity. Complicated
computer algorithms and program subroutines were formed which proved
the new approach feasible., A subproject was initiated to allou free
eurface boundary conditions in the method so as to eventually allow
tfor a pulsing motion and viscoelastic wali properties. Initiation was
also seen of computer graphics usage for studying shear stress
analysis of blood-endothefial surfaces. The construction of special
photcstrese equipment was begun so as to ailou experimental

verification of computer graphics results. Such verification is

unusuai.
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The third year sauw the application in a preliminary fashion of

the head-mounted display system. This system uses a helmet in wuhich

tuo small dlsplay screens are utilized to form a stereographlc image.

The system allows one to walk around and into a computer <_rmed
simulation. A film was made that shouwed the observer walking ‘nto an
ldeallzed artery and a prosthetic heart valve. The simplified Marker
and Cell approach was continued and an Arbitrary Marker and Cell

concept uwas Initiated to allow finer detailed simulation of the

hemodynamic studies.

The fourth year sauw a concerted effort in the attempt to include
irregular, curved obstacle shapes in the problem. Although such
studies allouw flou fields of any type to be studied (air, gases,
water) about any obstacle in the flouw, blood flow was emphasized. The
boundary conditions of no-slip and free-slip (the latter of interest
in capillary flow were examined. Stress conditions betueen an
obetacle and a wall uere examined for distribution effects. A
critical analysis of numerical values for such shear stress
distribution was formed. In turn, computer graphics usage for
designing optimized flow in heart valies was initiated. Shading and
smoothirg algorithms were utilized (se: Figure A27 uwherein a moving
toroid allowed one-way, centralized blood flow through a prosthetic
heart valve}l. Some study was also made of the simulation of pulsatile
flow motion and comparisons of the amplitude and phase lags betueen a
pressure pulse and resulting flow rate were graphically displayed,
Flou in contractions uith solutions for non-isothermal flou and

non-Neutonian temperature-dependent fluids were solved, placed in
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algorithmic forms and simulated. The emphasis was placed on the
dieplay of a contracting and inflating container (artificial heart
ventricle) with resulting shifts in turbulence and stress
distributions presented on the display screen. This knowledge, useful
for the designing of ncessary reinforcement sites, was then amplified
to analyze the stress in natural heart valve leaflets. This stress
analysis is continuing via use of the finite element me thod.

Concurrent with these present studies is an experimental program,

employing photostress analysis in the attempt to verify results formed

by the computer graphics techniques.




Figure A27

Various Stages in the Design of a Toroidal Heart Valve
by Computer Simulation
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PUBLICATIONS ON THE HEMODYNAMICS APPLICATION
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Heart Valves, (Denton Cooley, et al.), eds., Springfield,
I., 1969, p. 49, )

Greenfield, H.S. "The Design of Artificial Valves and Other Medical
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Greenfield, H.S. and C. Brauer. "Hemodynamic Studies Involving a
Computer Simulation Technigue." Trresented at International
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System Phenomena by True Computer-Man Interaction.” Int. J.
Biomed.-Computing. 4:31-51, 1973.

Greenfield, H.S. and R. DeEry. "An Application of Computer
Graphics: Tuo Concurrent Investigations within the Medical
Field," University of Utah Tech. Rpt. (For Advanced Research
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Greenfield, H.S5. "The Role of Computer Graphics in Biomedical
Research," Handbook, Computer Graphics for Designers,
University of Michigan, Ann Arbor, July 1971.
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University of Michigan, Ann Arbor, July 1971.

Grienfield, H. and R, DeBry. "Irteractive Graphic Representation of
Hemodynamic  Phenomena," Proc. Int. Conf. On OnLine
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1:573-5390, 1972.
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Interactive Hemodynamic Simulation," Int. J. Man-Machine
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Greenfield, H. "Simulation of the Human Heart and Its Sub-System,"
Proc. Int. Congress of Cybernetics and Systems, Gordon and
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1973.
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SECTION B
WAVEFORM PROCESSING

The principal goal of the Waveform Processing effort over the

span of this contract has been to pursue research involving the use of

interactive computers in processing signals with particular emphasis

on processing images and audio waveforms,

This section sumnarizes all research in Waveform Processing
conducted over the contract period uwith special eirnhasis on the

unreported research from December 1972 to June 1973. The research

embraces a broad spectrum of topics including:

1. modeling of the human visual system

2. homomorphic deconvolution of images, deblurring

3. homomorphic deconvolution of sound, restoration and noise
suppression

4. homomorphic deconvolution of seismic signals

= S. linear predictive coding, lvwast squares processing of audio

data

6. modeling of the human ear, phase sensitivity

7. Hadamard image coding

8. digital window functions

Emphasis has been placed on obtaining very high performance
quality, demonstrating the feasibility of processes which represent
technological breakthroughs. Particular emphasis has been placed on a

high !evel of interaction betueen tne human observer and the computer.

To this end the following. harduare and software has been developed:
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1. A high fidellty A/D - D/A audio system

2, Image scanning hardware, input/output

3. audlo softuars

4. video file system

S. software for scanning pictures

B.1 Modeling the Human Visual System

A multiplicative visual mocel was investigated to some extent.
The results are summarized in the following text. In addition,

current related research is briefly discussed.

The eye is frequently compared to a simple box camera to
illustrate hc: an image may be formed on the retina. I[f the
explanation stops at this point, some very important image processing
properties of the human visual system migat well go unnoticed. The

illusions shown in Figures Bl, B2 and B3 illustrate some of these

properties,




[ IR,

Figure Bl
The Mach Band Illusion

EQUAL LIGHT
INTENSITY

Figure B2
The Simultaneous Contrast Illusion




EQUAL LIGHT
INTENSITY

Figure B3
The Cornsweet Illusion
(Left Half Appears YDarker)




B.1 Modeling the Human Visual System

None of these illusions would occur if the eye were a fidelity
copying instrument as implied by the simple camera analogy. Sections
of a scene that were equal in intensity would appear to be equal in

intensity and the mach bands that appear at the end of an intensity

gradient uWould be absent.

Recent ressarch efforts have been directed toward understanding

Image processing in the visual pathuway and constructing a mode! that

predicts these illusions properly.

A more accurate representation of the visual system is possible
if the logarithmic transformation and tuo dimensional filter are added

to the lens system of the eye as shoun below.

IMAGE ——————» Bk i 2P
> ——————
OPTICS LOG LINEAR
FILTER
Figure B4
YVisual Model
In the context of the three illusions shown, the model performs

as fol lous:

a. Mach bands are predicted correctly

b. Simultaneous contras. is predicted approximately
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c. The Cornsweet Illusion is not predicted at all

1f the box labeled "eye optics" is approximated by the identity

system, the model obeys supe-position on multiplication.

Stockham(%1) showed that an image enhancement scheme, based on
the multiplicative model, may be constructed having the follouing
property:

x,y) = Rix,y) = 1'(x,y)* Rix,y")

I represents the illumination component of an
image

R represents the reflectance component

This is an important result from a psycological point of vieu
since it points out the fact that detail in an image, due to the
reflectance of objects, might be made more pronounced while

suppressing the illumination component.,

A thorough study by Baudelaire(«2] demonstrated the follouing:

a. For smooth patterns containing energy between 8.1 and 8
cycles/degrees, the muliplicative model accurately predicts
simul taneous contrast effects.

b. Some local nonlinear mechanism must be incorporated in the
model if it is to predict simultaneous contrast correctly on

images containing sharp, edge type discontinuities as in

Figure B2.

c. Color images exhibit the illusions mentioned above but the
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present model is applicable only to moncchrome images.

An ongoing research effort is being directed toward understanding
the eyes behavior near edges. It is currently felt tnat such an
understanding would make it possible to extend the multiplicative

‘model to deal correctly with patterns of the type shown in Figure B3.

There hans been some success in doing this using an edge oriented
modei. Figures BS, B6 and B7 sho<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>